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tem failure. [5] [6] [7] [8] Alterations in the levels of various mediators of coagulation and fibrinolysis have been reported to be associated with negative outcome in patients with sepsis. 9, 10 Given its pivotal role in the coagulation and fibrinolytic systems, protein C has been of particular interest as a factor in the hemostatic abnormalities of patients with sepsis. Protein C levels have been reported to be predictive of sepsis outcome. 4, 5, 7, [11] [12] [13] The possible role of the protein C pathway in sepsis has been reviewed extensively. 14, 15 The Ibuprofen in Sepsis Study (ISS) provided an opportunity to assess data on hemostatic variables in severe sepsis in a large patient population. 16 We evaluated the association of protein C levels and other hemostatic variables with clinical outcomes, including mortality, in a subset of patients from the ISS.
Materials and Methods
The ISS was a randomized, double-blind, placebo-controlled multicenter study of IV ibuprofen in 455 patients with severe sepsis. The study was approved by the institutional review board at each of the seven centers in the United States and Canada, and consent was obtained from each patient or their next of kin. Patient characteristics and the main study results have been reported elsewhere. 16 Patients were enrolled into the study from October 1989 to March 1995.
Patients with a known or suspected site of serious infection had to meet all of the following criteria: core temperature, Ն 38.3°C or Ͻ 35.5°C; heart rate, Ն 90 beats/min in the absence of ␤-blocker treatment; and respiratory rate, Ն 20 breaths/min (or minute ventilation, Ͼ 10 L/min if the patient requires mechanical ventilation). In addition, patients had to exhibit dysfunction of at least one of the following organ systems: cardiovascular, renal, ARDS/pulmonary, or CNS.
Investigational treatment consisted of IV ibuprofen (10 mg/kg q6h for eight doses) or placebo given in a similar fashion. Patients were observed for clinical outcomes, with 30-day all-cause mortality as the primary outcome measure. Secondary measures included duration of ICU stay, the presence or absence of mechanical ventilation, and the presence or absence of septic shock. Secondary measures were described in terms of ICU-free days, ventilator-free days, and shock-free days. This methodology has been described previously. 17 Organ failure-free days were calculated over the 30-day study period. For each patient, the number of organ failure-free days was calculated as the number of days a patient was both alive and free of a particular organ failure. Definitions of organ failure are shown in Table 1 . 17 The study did not demonstrate a statistically significant effect of ibuprofen on ICU-free days, ventilator-free days, shock-free days, or survival. 16 All patients enrolled in the parent study had an APACHE (acute physiology and chronic health evaluation) II score calculated at study entry (average, 11 h from sepsis onset). Blood samples were obtained from all patients at baseline and at 20, 44, 72 , and 120 h after study entry. Data obtained at these times included platelet count, prothrombin time (PT), and partial thromboplastin time (PTT).
The results described in this article are based on a subset of the total ISS population for whom additional coagulation assays were performed on the blood samples obtained at baseline and at 44 h. The samples were taken as a subset of the database without regard to the types of pathogen or any other etiology and included patients treated with both placebo and ibuprofen. For the purpose of selecting patients to be included in the coagulation analyses, patients were categorized into one of the following eight groups based on these measures: (1) abnormal PTT only; (2) abnormal PT only; (3) abnormal platelets only; (4) abnormal PT and platelets; (5) abnormal PTT and platelets; (6) abnormal PT and PTT; (7) PT, PTT, and platelets normal ("all normal"); and (8) PT, PTT, and platelets abnormal ("all abnormal"). Abnormal values were defined as a platelet count of Ͻ 140,000/ mL, PT Ն 13.8 s, and PTT Ն 39 s, which are values that are generally consistent with normal range boundaries in local hospital clinical laboratories. Ten patients from each of the groups except for the all-abnormal group were selected randomly for inclusion in the coagulation variable analysis. Only six patients in the parent study exhibited abnormal values for all three measures; therefore, no patient sample from this group (group 8) was included in this study. The additional coagulation assays were for protein C antigen, D-dimer, and fibrinogen levels. For the purpose of this analysis, normal ranges for these coagulation variables were defined as follows: protein C antigen, 1.79 to 3.87 g/mL 18 ; D-dimer, 94 to 260 ng/mL; and fibrinogen, 190 to 400 mg/dL.
Statistical Methods
Baseline and 44-h summary statistics are presented for each coagulation measure (ie, levels of protein C antigen, D-dimer, fibrinogen, and platelets) by 30-day all-cause mortality status, which was the primary outcome measure for the ISS. To assess the relationship between baseline and 44-h protein C levels and mortality, threshold plots were constructed displaying mortality incidence rates in subpopulations defined by baseline and 44-h protein C antigen level thresholds. Logistic regression models were used to assess the relationship of each coagulation measure with 30-day all-cause mortality. A logistic regression model also was used to assess the relationship of each coagulation measure to the presence or absence of shock at baseline and at 44 h.
To assess the relationship between each coagulation measure and ventilator-free days and ICU-free days, nonparametric Spearman rank correlations were calculated and statistical tests for nonzero correlation were performed. To assess correlations among coagulation measures, nonparametric Spearman rank analyses also were conducted.
For all analyses, a two-sided p value of Ͻ 0.05 was considered to be evidence of an association. Protein C levels measured at 44 h after study entry were not available for three patients; their baseline measurements were imputed for the logistic regressions, threshold plots, and correlation analyses with ventilator-free days and ICU-free days. Shock assessments measured at 44 h after study entry were unavailable for nine patients. Because each of these patients was in shock at baseline, and because shock status values after baseline were available, it was assumed that all were in shock at 44 h after study entry, and the last observed shock status value was used in the last-observation-carried-forward imputation method for shock status-related analyses. Similar weighted analyses were performed with patient weighting based on the proportion of patients in the ISS who fell into the same subgroup as the analyzed patient. In general, the conclusions drawn from the unweighted analyses and weighted analyses were consistent. The conclusions from the unweighted analyses are presented below. Table 2 displays baseline characteristics and results of the coagulation marker levels (ie, D-dimer, fibrinogen, protein C antigen, and platelets) of the seven subgroups of patients selected from the ISS trial as defined in the "Material and Methods" section. A total of 58 of the 70 patients (83%) included in this study received placebo, and the other 12 patients received ibuprofen in the ISS study. There were no statistically significant (ie, pՅ 0.05) differences between the two treatment groups with respect to platelet levels, protein C levels, and fibrinogen levels at baseline and at 44 h after entry into the study. In addition, there were no statistically significant differences between the two treatment groups in ranked D-dimer levels at baseline and at 44 h.
Results

Protein C Correlation With Clinical Outcome
Baseline protein C levels were below the lower limit of normal in 63 of the 70 patients (90%). A trend toward an increase in 30-day mortality with lower baseline protein C levels was observed (p ϭ 0.19), and this same relationship was statistically significant when 30-day mortality was compared with 44-h protein C levels (p ϭ 0.04) ( Table  3) . Threshold plots describing the relationship between protein C antigen levels at baseline and after 44 h and 30-day all-cause mortality are displayed in Figure 1 . The thresholds were selected at 50%, 60%, 70%, 80%, 90%, and 100% of the lower limit of normal (ie, 1.79 g/mL) of protein C.
At both baseline (p ϭ 0.01) and 44 h (p Ͻ 0.001), the presence of shock was correlated with lower baseline protein C levels ( Table 4 ). The threshold plots describing the relationship between protein C antigen levels at baseline and 44 h and the presence or absence of shock are displayed in Figure 2 .
A reduction in the number of ventilator-free days was associated with lower protein C levels at both baseline (p ϭ 0.02) and 44 h (p ϭ 0.03) ( Table 5) . 253 (140) 194 (87) 187 (77) 149 (60) 167 (96) 221 (117) 200 (104) Platelets, ϫ 244 (101) 77 (12) 57 (20) 65 (18) 237 (155) 254 (146) 156 (121) Protein C, g/mL Fewer ICU-free days were associated with lower protein C levels at both baseline (p ϭ 0.04) and 44 h (p ϭ 0.02) ( Table 5) .
D-Dimer, Fibrinogen, and Platelet Count Correlation With Clinical Outcome
Baseline D-dimer levels were above the upper limit of normal in all patients. Thirty-six of the 70 patients (51%) had baseline fibrinogen levels below the lower limit of normal. Forty-one of the 70 patients (59%) had baseline platelet levels below the lower limit of normal. Based on a logistic regression model, lower baseline platelet levels (p ϭ 0.04) and 44-h fibrinogen levels (p ϭ 0.02) were associated with increased mortality (Table 3) . Elevated levels of D-dimer at 44 h were associated with increased mortality (p ϭ 0.02). Although baseline D-dimer levels were not significantly associated with mortality based on the logistic regression model, this finding was most likely due to the severe skewness in baseline D-dimer measurements. When baseline D-dimer levels were replaced by their ranks in the logistic model, the positive association between increased D-dimer levels and increased mortality did reach statistical significance (p ϭ 0.02) ( Table 3) .
Increased baseline D-dimer levels (p ϭ 0.02) and decreased baseline fibrinogen levels (p ϭ 0.03) were associated with the presence of shock at baseline (Table 4) . Lower platelet levels at baseline were associated with fewer ICU-free days (p ϭ 0.047) ( Table 5 ). Higher D-dimer levels were associated with fewer ICU-free and ventilator-free days; however, significance was achieved only when 44-h levels were compared with ventilator-free days (p ϭ 0.03) ( Table 5) . No association was demonstrated between fibrinogen levels and ICU-free or ventilator-free days.
Correlation of Coagulation Markers With Protein C
The correlation between the coagulation markers and protein C levels was weak or nonexistent ( Table  6 ). The sole significant positive correlation observed was between the 44-h platelet levels and protein C antigen levels (p ϭ 0.03). A trend toward a positive association between 44-h fibrinogen levels and protein C antigen levels also was observed (p ϭ 0.07). At baseline, there was also little correlation among PT, PTT, and platelet levels, and protein C levels, especially in the subgroup of patients that had normal baseline PT, PTT, and platelet levels ( Table 2 ). The mean protein C levels in this subgroup was 1.26 g/mL. A total of 9 of the 10 patients in this subgroup had baseline protein C levels below the lower limit of normal.
Discussion
Activated protein C is a serine protease that inhibits coagulation factors Va and VIIIa, subsequently blocking the generation of thrombin. Both plasminogen activator inhibitor (PAI)-1 and activated thrombin-activatable fibrinolysis inhibitor (TAFI) are inhibitors of the endogenous fibrinolytic system. TAFI is activated by thrombin. Activated protein C also exhibits profibrinolytic activity by neutralizing PAI-1 or by limiting the activation of TAFI by limiting thrombin generation. 19, 20 Protein C circulates largely in the zymogen form in plasma and is activated via the complexing of thrombin with the endothelial cell surface protein thrombomodulin. 21 In large blood vessels, the activation of protein C to activated protein C is facilitated by the endothelial protein C receptor in complex with thrombin-throm- bomodulin. 14, 22 In this study, we measured and analyzed four hemostatic markers (protein C, Ddimer, fibrinogen, and platelets) in a randomly selected subset of patients (n ϭ 70) from the ISS trial. All ISS patients met the currently accepted definitions of severe sepsis at study baseline. 23 A total of 63 of the 70 patients (90%) studied in this report had protein C levels at baseline below the lower limit of normal. Thus, our study data suggest that almost all patients with severe sepsis, as selected using standard criteria, 23 had acquired protein C deficiency. The threshold plots (Fig 1, 2) indicate that the lower the protein C levels, the higher the mortality and the higher the occurrence of shock. Protein C levels are lower in patients with sepsis, presumably as a result of associated consumptive coagulopathy, 4, 5, 7, 12, 13, 24, 25 although decreased production also may play a role. Diagnostic kits are readily available to measure plasma protein C levels, and only citrated plasma samples are required. Thus, studies of protein C levels in many pathologic states, including sepsis, have been published in the literature. However, in order to measure plasma activated protein C levels, a special blood collection tube containing benzamidine, in addition to citrate, is required. 26 So, samples for measuring levels of activated protein C levels have to be prospectively collected. In addition, to our knowledge, no diagnostic kit for measuring activated protein C is commercially available, and the methodology is complex. 26 As such, the authors are only aware of a single published article with data on the levels of activated protein C in patients with sepsis. 27 The data in that article indicated that only about 20% of patients with sepsis have elevated activated protein C levels beyond the normal range of 1 to 2 ng/mL to about 5 to 20 ng/mL. The increase in activated protein C in those 20% of patients appeared to be sporadic with no discernible pattern. The relationship between the protein C levels and the activated protein C levels in patients with sepsis is complex and not well understood, and it requires many more studies.
Findings from this study of the association of protein C levels with mortality and the presence of Figure 1 . Baseline protein C levels vs 30-day all-cause mortality. The association of baseline (top) and 44-h (bottom) protein C antigen levels and 30-day mortality at thresholds of Ͻ 50%, Ͻ 60%, Ͻ 70%, Ͻ 80%, Ͻ 90%, and Ͻ 100% of the lower limit of normal (normal range, 1.79 to 3.87 g/mL) of protein C antigen is shown. Table 3 for abbreviations not used in the text. †Includes imputation of baseline protein C antigen levels for three patients.
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shock in severe sepsis patients are consistent with those reported by others. Hesselvik et al 12 reported that patients with septic shock had lower protein C levels than those without shock on the day following initial hospitalization. Fourrier et al 7 found that initial protein C levels were significantly lower in nonsurviving sepsis patients with DIC and documented a significant correlation between protein C levels in nonsurvivors. In a subgroup with sequential measurements, nonsurvivors exhibited a persistent deficiency in protein C activity. Lorente et al 5 measured coagulation and fibrinolysis variables in sepsis patients on days 1, 4, and 7 after hospital admission. Their analysis showed that the median protein C level in nonsurvivors was below the lower limit of normal on day 1 after hospital admission. There was no significant difference between survivors and nonsurvivors in protein C measurements at the time of hospital admission. However, serial protein C measurements on subsequent days after hospital admission showed a significant difference between survivors and nonsurvivors. Only survivors exhibited a progressive normalization of protein C levels. The data from our study further support the suggestion from Lorente et al 5 and others 28 that serial protein C measurements provide better prognostic value than a single measurement in monitoring patients with sepsis. Recent data from Boldt et al 25 also suggest that serial protein C measurements may be a helpful molecular marker to differentiate severe sepsis from other causes of critical illness. Among the four hemostatic markers studied in this report, protein C levels correlated best with the major outcome measures of severe sepsis (ie, mortality, presence of shock, ICU stay, and ventilator dependence). Fibrinogen level was not as consistently associated with the outcome measures, probably because it is known to be an acute-phase reactant. 29 The fibrinogen level goes up in the early phase of severe infection, and fibrinogen subsequently is consumed during the severe coagulopathy phase of severe sepsis. In patients with sepsis, fibrinogen has been reported to be higher in nonsurvivors than survivors, 5 lower in nonsurvivors than in survivors, 13,30 -32 or not significantly different between survivors and nonsurvivors. 2, 33 Perhaps the seemingly contradictory data on fibrinogen levels in patients with sepsis are due to differences in sampling time and the acute-phase reactant nature of fibrinogen. Protein C level also was reported by others 5, 34 to be better Figure 2 . Protein C levels and association with severity of illness. The association of baseline (top) and 44-h (bottom) protein C antigen levels and the occurrence of shock at threshold protein C antigen levels of Ͻ 50%, Ͻ 60%, Ͻ 70%, Ͻ 80%, Ͻ 90%, and Ͻ 100% of the lower limit of normal (normal range, 1.79 to 3.87 g/mL) of protein C antigen is shown. associated with sepsis outcome than D-dimer levels or platelet levels. Thrombocytosis rather than thrombocytopenia has been observed in some sepsis patients. 35 It is also interesting to point out that in this study, 9 of the 10 patients in the subgroup who had normal baseline values for PT, PTT, and platelets had baseline protein C levels below the lower limit of normal. These data suggest that protein C may be an earlier and more sensitive marker than the more global coagulation markers of PT, PTT, and platelets that are currently more widely used in hospitals. The data from this and other studies 5, 7, 24, 25, 35 suggest that protein C measurement, in addition to the DIC panel of markers, may offer a better prognostic value in sepsis. The importance of the protein C pathway in sepsis has been highlighted by findings in animal models. In Escherichia coli-induced septicemia in baboons, antibody blockade of the protein C pathway markedly increased the severity of endotoxin doses at concentrations for both the lethal dose in all exposed subjects and at 10% of the lethal dose. 36 Our data reinforce the findings of other clinical and animal investigations that have indicated that endogenous protein C plays an important role in sepsis-associated coagulopathy. Other than the well-known antithrombotic activity of the protein C pathway, there is also evidence that protein C exerts direct anti-inflammatory effects apart from those mediated by thrombin inhibition. These may include the reduction of endotoxin-induced cytokine production by monocytes and activated protein C-endothelial protein C receptor interaction with activated neutrophils. 15, [37] [38] [39] PAI-1, an inhibitor for fibrinolysis, also is found to be elevated in sepsis and is positively correlated to mortality in most reported studies. 20 Because activated protein C has profibrinolytic activity by neutralizing PAI-1, other investigators 5, 7, 40, 41 have suggested the need for randomized, controlled trials of activated protein C in patients with sepsis. Our finding that 90% of patients with severe sepsis have protein C levels less than the lower limit of normal gives further support to this notion. As such, a recombinant form of human activated protein C has been developed and is undergoing clinical study.
In patients with severe sepsis, the mechanism for activating protein C in vivo (protein C converting to activated protein C by thrombin in a complex with thrombomodulin) may be operating suboptimally. 42 Indeed, the most recent data from patients with sepsis support this hypothesis. 43 Thus activated protein C would be expected to exert a more potent and predictable effect than protein C, the zymogen form. Activated protein C also may be more resistant to neutrophil elastase than is the zymogen form. 44 In summary, we have found that lower protein C levels are common in patients with sepsis and are associated with several severely negative clinical outcomes, including increased mortality and occurrence of shock, as well as increased duration of mechanical ventilation and ICU stay. These findings suggest that protein C levels can be used prognostically and that such agents as protein C, or preferably, activated protein C, may reverse the acquired protein C deficiency in patients with sepsis and improve outcome. A large, placebo-controlled, phase III trial using recombinant human activated protein C in patients with severe sepsis has been undertaken to test whether this experimental drug can improve the 28-day all-cause mortality rate of this disease.
